Abstract-Dielectric nanoparticle arrays have been proposed as antireflection coatings and light-trapping schemes for thin-film cSi solar cells. However, practical aspects about the integration of these nanostructures with solar modules have yet to be investigated. In this paper, we study the effect of ethylene vinyl acetate (EVA) encapsulation on the optical properties of dielectric nanoparticles placed on top of c-Si substrates. We experimentally show that Si nanoparticle Mie coatings encapsulated in an EVA layer yield ultralow reflectivity over the entire 300-1000-nm spectral range. The AM1.5-weighted average reflectivity of the Mie coating is as low as 1.5%, which is comparable with that of a standard alkaline texture used for c-Si solar cells. TiO 2 nanoparticle Mie coatings also yield similar results. Mie coatings are thus valid substitutes of standard textures for ultrathin devices. We also study the case of plasmonic nanoparticle coatings for c-Si solar cells. We find that they are not suited for c-Si cells when EVA encapsulation is used.
I. INTRODUCTION

D
IELECTRIC nanoparticles (NPs) have recently been proposed as an antireflection (AR) and light-trapping (LT) scheme for crystalline Si (c-Si) solar cells [1] - [7] . The advantage over standard random pyramid textures commonly used in commercial c-Si solar cells is that dielectric NPs can be applied to solar cells of any thickness, even based on ultrathin (<5 μm) wafers. Furthermore, dielectric NP coatings also allow decoupling the AR/LT scheme from the surface passivation scheme. In a standard solar cell, a Si 3 N 4 layer deposited on the random pyramid texture is used both as an AR coating and as a passivation layer [8] , [9] . The increased surface area due to texturing leads to increased surface recombination. Recently, we have shown that an array of TiO 2 nanocylinder placed on top of a flat Al 2 O 3 -passivated Si surface allows achieving ultralow reflectivity and excellent passivation of the Si surface [10] . Metal NPs have also been proposed as an ARC and LT scheme for c-Si solar cells [11] - [14] . However, the presence of parasitic ohmic losses in the metal is a strong limiting factor, which makes metal NPs less appealing for application on c-Si solar cells [15] .
The physical principle behind the reduced reflectivity by arrays of both dielectric and metallic NP is the preferential forward scattering of light by Mie or plasmonic resonances in the NPs toward the high index substrate [16] . This mechanism works particularly well if the NPs are placed at the interface between c-Si and air, due to the large index mismatch between the two media. However, in commercial modules, c-Si solar cells are never in direct contact with air. In fact, a polymer layer is used to encapsulate the cells in order to protect them from environmental degradation and to achieve mechanical rigidity. Usually, ethylene vinyl acetate (EVA) is used for encapsulation. Glass panels are then added on top of the EVA to add physical stability to the module.
The presence of a polymer layer at the front side of the solar cell changes the optical environment around the resonant NPs and thus their scattering properties. In this paper, we study the effect of EVA encapsulation on the scattering behavior of dielectric NPs. We experimentally test the EVA encapsulation on a Si wafer coated with a Si nanopillar array with the geometry presented earlier for the case without encapsulation in [3] . We report a reflectivity after EVA/glass encapsulation of 5.9%, which includes the reflection of the glass/air interface (∼4.4%). This value is comparable with that of a standard random pyramid texture used on commercial devices. Further optimization carried out with numerical simulation yields even lower reflectivities. TiO 2 NP-based Mie coatings also yield similar results.
II. RESULTS
An array of Si nanopillars that are 250 nm in diameter, 150 nm in height, and have a 450-nm array pitch was fabricated on a 500-μm-thick FZ-Si (1 0 0) wafer by using substrate conformal imprint lithography [17] and reactive ion etching (RIE). The wafer was then coated with a 50-nm-thick Si 3 N 4 layer deposited by plasma-enhanced chemical vapor deposition. This configuration is the same presented in [3] , which yields an AM1.5-weighted average reflection of 1.3% in the 400-900-nm spectral range, for a Si wafer in air. The wafer with the Si Mie coating was then encapsulated by lamination with a 300-μm-thick EVA sheet, a 3-mm-thick low-iron glass slide at the front, and a white-paint backsheet. Fig. 1(a) shows a schematic of the sample. Fig. 1(b) shows a photograph of the encapsulated sample. The Si wafer is ∼ 3 × 2 cm 2 in size and is embossed into a larger 10 × 10 cm 2 glass/backsheet frame. The Si wafer with Mie coating looks visually black. Fig. 1(c) shows a scanning electron microscope (SEM) image of a focused ion beam (FIB) prepared cross section of the sample near the front surface, prior Total reflection spectroscopy was used to characterize the samples. An integrating sphere setup equipped with a halogen lamp white-light source (beam diameter of 1.5 cm) and a spectrometer was used. The total reflection of the Mie coating is compared with that of a Si wafer with standard pyramid texture and Si 3 N 4 coating. The random pyramids have size varying between 3 and 10 μm, and the Si 3 N 4 layer has thickness of ∼70 nm and refractive index of ∼2.08, which are optimal parameters for textured surfaces. Fig. 2(a) shows the total reflection as a function of wavelength for an encapsulated Si wafer with the Si Mie coating (red) and for an encapsulated textured Si wafer with standard texture and Si 3 N 4 coating (black). The dashed black line represents a constant offset representing the reflection of the top glass layer, which amounts to 4.4% [18] . The reflectivity of the sample with the Mie coating is lower than 5% for a large part of the spectral range. This corresponds to an EVA/Mie-coated Si interface reflection of less than 1% for the entire 500-1100-nm spectral range. The ultralow reflectivity measured in this spectral range is due to the preferential forward scattering of light through leaky Mie resonance in the Si NPs [19] , [20] . The reflectivity increases to ∼15% for a wavelength of 400 nm, due to backscattered diffraction orders from the grating formed by the NPs (for further details, see the discussion below). An increase of reflectivity is also observed in the IR part of the spectrum (wavelengths above 1020 nm). This is due to the light that escapes from the Si wafer after being reflected by the Si/EVA and EVA/white-paint interfaces at the back.
Overall, the optical performance of the Mie coating embedded in EVA is comparable with that of a standard texture for the 500-1020-nm spectral range. The Mie coating gives higher reflectivity for wavelengths shorter than 500 nm, due to the backscattering from diffraction orders of the grating. This difference can be eliminated by using a random configuration of Mie scatterers. The two reflectivity spectra also differ in the wavelength range above 1020 nm. This is due to a differently textured backside for the standard textured and Mie-coated wafers yielding different LT. A comparison of the LT properties of the two samples is beyond the scope of this paper, which focuses on AR properties, and it will be addressed in future work.
The inset in Fig. 2 (a) shows a zoomed view of the reflectivity spectra for the Mie-coated wafer (red) and standard textured wafer (black) in the 400-1000-nm spectral range. The graph shows that the Mie coating yields lower reflectivity than the standard texture in the entire 700-1000-nm spectral range. For both samples, we calculate the average reflectivity by weighting with the AM1.5 global solar spectrum, in the spectral range 300-1000 nm, in order to exclude the LT effects mentioned above from the analysis on AR properties. The Mie coating yields an average reflectivity of 5.9%, compared with an average reflectivity of 5.5% for the standard texture. From these figures, the calculated spectrally averaged EVA/Si interface reflection is 1.5% for the Mie-coated samples, and 1.1% for the standard texture. We conclude that the AR performance of the Mie coating is comparable with that of a standard texture coated with Si 3 N 4 . Thus, the Mie coating is a valid alternative to standard textures, for example if the thickness of the cell does not allow the use of the latter.
Next, we use finite-difference time-domain (FDTD) simulations to validate the measured data and to find an optimal geometry for the Mie coating embedded in EVA. In order to reduce computational time, we assume an EVA layer that extends semiinfinitely from the wafer surface in the vertical direction. Similarly, we assume a semiinfinite Si substrate, which also extends in the vertical direction. The Mie coating is placed in between the EVA and Si layers (see Fig. 3 (a) for a schematic of the simulation setup). Light is incident from the EVA side on the Mie-coated Si substrate, and reflection is calculated with an optical power monitor on the EVA side. To avoid that light is absorbed before reaching the Si surface, we assume that the EVA layer has no absorption. Fig. 2(b) shows the measured (red) and simulated (blue) reflectivity spectra of the Mie-coated Si wafer. The simulated reflectivity spectrum has been corrected with an offset of +4.4%, in order to account for the air/glass interface reflection (not considered in the simulation; see Fig. 3 ). Excellent agreement between the measured and simulated data is observed for the wavelength range 670-1020 nm. For wavelengths larger than 1020 nm, the measured reflectivity is larger than the simulated one, due to the backscattered light from the Si/EVA and EVA/white-paint interfaces, which is not accounted for in the simulations. For wavelength shorter than 670 nm, the simulated reflectivity is larger than the measured one. In order to understand this, Fig. 3 shows two schematics of the sample geometry used in the simulations (a) and experiment (b). In the simulation setup, the backscattered grating orders (colored arrows) all contribute to the reflectivity. The grating order modes set in for wavelengths that satisfy the following condition:
where λ is the wavelength, θ is the emission angle of the grating order, n is the refractive index of the medium (in this case EVA, n = ∼1.5), p is the grating pitch, and m is the integer describing the grating order. For an array pitch of 450 nm, as the one considered here, (1) has solutions only if λ < 670 nm. Therefore, the sharp increase in the simulated reflectivity spectrum occurring at a wavelength of 670 nm [see the blue line in Fig. 2(b) ] is due to the onset of backscattered grating orders. In the experiment, however, the EVA layer has a finite thickness and is capped by a 3-mm glass layer. Thus, grating orders that are scattered at an angle larger than the critical angle of glass/air interface will undergo total internal reflection and be redirected toward the Si substrate [see Fig. 3(b) ]. Light in these grating orders is then mostly transmitted into the Si layer via scattering of Mie resonances in the NPs at the surface. This explains why the measured reflectivity in Fig. 2(b) is lower than the simulated one. Note that the EVA layer has a refractive index which very closely matches that of glass (n = ∼1.5); therefore, only minor reflections occur at the EVA/glass interface. For very short wavelengths [see the blue arrow in Fig. 3(b) ], the diffraction angle is smaller than the critical angle of the glass/air interface, and thus, light will escape from the sample. This explains the increase in reflectivity observed in the measurements for wavelengths below 500 nm.
The presence of backscattered grating orders that undergo total internal reflection at the glass/air interface was directly observed during the experiment. The inset in Fig. 2(b) shows a photograph of the sample under illumination. Several colored lines can be seen in specific directions, aligned with the grating formed by the NPs. These lines are grating orders that are redirected toward the surface by total internal reflection, and they are visible to the eye by scattering off the white-paint backsheet surrounding the Si chip. On a large-area solar cell, this light would be absorbed in the cell. As already mentioned, the presence of grating orders can be avoided by employing a random configuration of Mie scatterers (see Fig. 5 ).
The geometry considered in the experiment described above was optimized for the case of a Si wafer in direct contact to air. We use FDTD simulation to find an optimal geometry of the Mie coating for the case of an EVA-encapsulated Si substrate. The simulation layout is the same as sketched in Fig. 3(a) . We use a particle swarm algorithm to find the optimal geometry. Note that due to the simplified geometry considered in the simulations (see Fig. 3 ), the optimal geometry of the simulated system may differ from that of a real system. Fig. 4(a) shows the simulated reflectivity spectra for an optimized Si NP Mie coating (red) and a flat 80-nm-thick Si 3 N 4 layer (blue). The reflectivity of standard random pyramid textures coated with a 70-nm-thick Si 3 N 4 layer is also shown for reference (black). The latter has been calculated using the OPAL2 optical simulator software [21] .
The optimized Si Mie coating yields ultralow reflectivity over the entire 400-1000-nm spectral range. The sharp increase in reflectivity for wavelengths below 400 nm is due to backscattered grating orders. As observed before, in a real device, the actual reflectivity in this spectral range will be lower. Thus, from the simulated data, we can calculate the upper limit for the AM1.5-averaged reflectivity over the 300-1100-nm spectral range. For the Si Mie ARC in EVA, it is 2.1%, compared with an average reflection of 9% for the flat Si 3 N 4 coating and of 1.3% for the standard texture. The found optimal geometry for the Si Mie coating in EVA is 210-nm particle diameter, 260-nm particle height, 345-nm array pitch, and 65-nm Si 3 N 4 coating. Fig. 4(b) shows the results for the case of a TiO 2 NP-based Mie coating, similar to the one in [10] . The simulated reflection spectrum for the TiO 2 Mie coating is shown in red, and it is compared with that of a flat 65-nm-thick TiO 2 ARC (blue) and of a standard Si 3 N 4 -coated texture (black). In addition, in this case, the Mie coating yields lower reflectivity than a flat dielectric coating. The AM1.5-weighted average reflectivity for the TiO 2 Mie coating is less than 4.2%, while the average reflectivity of the flat TiO 2 coating is 6.4%. Note that some parasitic absorption is present in the TiO 2 NPs. However, this is limited to the spectral range below 400 nm [10] , where EVA also shows parasitic absorption of light. Therefore, in a solar module, the optical losses in the TiO 2 Mie coating are mitigated by the presence of optical losses in the EVA encapsulation. The simulated optimal geometry in this case is 120-nm particle diameter, 80-nm particle height, and 200-nm array pitch on top of a 65-nm-thick TiO 2 layer. Interestingly, we note that a flat TiO 2 ARC gives lower reflectivity than a flat Si 3 N 4 ARC when EVA is considered. This is due to the fact that almost perfect impedance matching is achieved at a wavelength of 600 nm, where n TiO 2 = √ n Si n EVA . Overall, Fig. 4 shows that both the Si NP Mie coating and the TiO 2 NP Mie coating are valid substitutes of the Si 3 N 4 -coated standard texture for ARC when an EVA encapsulation is used. Mie coatings, however, have the advantage that they can be applied to ultrathin wafers. Furthermore, the TiO 2 Mie coating can be applied to a flat passivated Si surfaces. Thus, despite its lower optical performance compared with a standard texture, the TiO 2 Mie coating allows for a reduced surface recombination compared with a textured cell, due to the lower surface area.
As a last remark, we note that while diffraction gratings have been widely studied as a way to reduce reflection for Si devices [22] , [23] , the main mechanism behind the reduction of the reflectivity by arrays of dielectric NPs is the scattering of light by Mie resonances in single NPs. Fig. 5 (b) shows the simulated reflectivity spectra of an array of Si Mie NPs on a Si wafer, arranged in a periodic (red) and aperiodic (blue) arrays. Fig. 5(a) shows the simulation geometry used in the simulations.
As can be seen, both the periodic and aperiodic array of Mie nanoscatterers yield very low reflectivities for the entire range 300-1100 nm. They both show a reflection minimum at a wavelength of 850 nm, which corresponds to the first-order Mie resonance of the Si NPs. Interestingly, the random configuration shows even a lower reflectivity than the periodic array in the spectral range 300-400 nm, due to the lack of backscattered grating order. Overall, Fig. 5 proves that the main mechanism behind the reduction in reflectivity is scattering from Mie resonances in single NPs. Grating effects are also present for periodic configurations, but they play a minor role in reducing the reflection (in fact, they may play a detrimental role by creating diffraction orders that are backscattered to air or EVA, as shown in Fig. 3) .
Finally, we consider the case of arrays of plasmonic (Ag) NPs. We have shown before that plasmonic coatings yield better AR properties than a flat Si 3 N 4 coating [24] . It is thus interesting to study how plasmonic coatings perform when an EVA encapsulation is used. For this analysis, we use FDTD simulations to calculate the transmission into a Si substrate covered with an array of spheroidal Ag NPs with optimal geometry (from [24] : 180-nm diameter, 130-nm height, and 450-nm pitch, on top of a 50-nm-thick Si 3 N 4 spacer layer). Fig. 6(a) shows the simulated transmission into the Si substrate as a function of wavelength, for the plasmonic coating in air (blue) and in EVA (red). Simulations were done using a semiinfinite EVA layer thickness, similar to the case of the dielectric Mie coating presented above.
The plasmonic coating in air shows transmission larger than 90% for the entire 450-1100-nm spectral range. We note two main features in the transmission spectrum: a sharp feature at a wavelength of 450 nm and a broad S-shaped feature in the range 600-800 nm. The first is due to the Rayleigh anomaly of the [±1, 0] and [0, ±1] grating orders of the grating formed by the Ag NPs and occurs at a wavelength equal to the array pitch [25] . Note that for wavelengths below 450 nm, the transmission drops due to backscattering of grating orders (see the discussion about Figs. 2(b) and 3) . The S-shaped feature at ∼700 nm is due to Fano interference, i.e., the destructive and constructive interference between scattered and incident waves occurring for wavelengths below and above the particle localized surface plasmon resonance (LSPR) wavelength [24] , [26] . When the Ag NP array is embedded in EVA (red line), both features redshift. The Rayleigh anomaly of the [±1, 0] and [0, ±1] grating orders redshifts to a wavelength of 675 nm due to the increase of the surrounding medium refractive index from 1 to 1.5. A second Rayleigh anomaly, corresponding to the [±1, ±1] grating orders, appears at a wavelength of ∼480 nm.
The Fano line shape also redshifts to a wavelength of ∼1000 nm when the EVA encapsulation is applied. This is also a direct consequence of the large redshift of the LSPR when the particle is embedded in a higher index medium [19] . Both effects drastically reduce the transmission of light into the Si substrate for the 300-1100-nm spectral range. The average transmission, weighted with the AM1.5 solar spectrum, drops from 91% to 80.7%. For comparison, Fig. 6(b) shows the transmission spectra of a flat 80-nm-thick Si 3 N 4 ARC in air (blue) and EVA (red). The average transmission for a flat Si 3 N 4 ARC in air and for the EVA covered ARC is 89.4% and 91.3%, respectively. Thus, while the plasmonic coating works better for light coupling than a standard flat Si 3 N 4 ARC in air, the opposite is true when an EVA encapsulation is applied.
In our analysis, we varied particle size and array pitch, and we found that none of the geometry considered yields better transmission than a flat Si 3 N 4 coating. The results of this parameter optimization show that the highest transmission is obtained for largest pitch considered (1 μm) and the smallest NP size considered (40-nm diameter). Even in this configuration, the transmission into the Si was lower than that of a flat Si 3 N 4 coating (let alone of a textured Si 3 N 4 -coated surface). This suggests that the optimization procedure was leading to a configuration where the particles are more and more spaced from each other, and smaller and smaller-which eventually leads to having no NPs at all. The simulations thus suggest that it is very difficult to obtain excellent antireflective properties, like those of dielectric NP coatings, with Ag plasmonic coatings when EVA is used for encapsulation.
Note that this result is valid within the simulation parameter space studied (Ag NPs with 40-200-nm diameter, arranged in arrays of 200-1000-nm pitch). Other plasmonic nanostructure configurations can lead to beneficial effects for solar cells. For example, metal nanowire networks can be used to combine high transmission of light with excellent electrical conductivity [27] . Thus, they can be used to replace unwanted ITO films. Furthermore, plasmonic nanostructures made of Al may be better than Ag nanostructures due to a more blue-shifted LSPR of Al with respect to Ag [28] .
III. CONCLUSION
We have studied the effect of EVA encapsulation on the AR properties of dielectric NPs placed on top of c-Si substrates. We experimentally showed that Si NP Mie coating encapsulated in an EVA layer yields ultralow reflectivity over the entire 300-1000-nm spectral range. The AM1.5-weighted average reflectivity of the Mie coating is less than 2.1%, and it is thus comparable with that of a standard alkaline texture used for c-Si solar cells. TiO 2 NP-based Mie coatings also yield similar results. Mie coatings are thus a valid alternative to standard textures for ultrathin devices. We find that plasmonic coating is instead not suited for use in c-Si solar cells when an EVA encapsulant is used.
